This study compares the relative effects of advancing male age on multiple genomic defects in human sperm [DNA fragmentation index (DFI), chromatin integrity, gene mutations, and numerical chromosomal abnormalities], characterizes the relationships among these defects and with semen quality, and estimates the incidence of susceptible individuals for a well characterized nonclinical nonsmoking group of 97 men (22-80 years). Adjusting for confounders, we found major associations between age and the frequencies of sperm with DFI and fibroblast growth factor receptor 3 gene (FGFR3) mutations associated with achondroplasia (P < 0.01) with no evidence for age thresholds. However, we found no associations between age and the frequencies of sperm with immature chromatin, aneuploidies͞diploidies, FGFR2 mutations (Apert syndrome), or sex ratio in this cohort. There were also no consistent correlations among genomic and semen-quality endpoints, except between DFI and sperm motility (r ‫؍‬ ؊0.65, P < 0.001). These findings suggest there are multiple spermatogenic targets for genomically defective sperm with substantially variable susceptibilities to age. Our findings predict that as healthy males age, they have decreased pregnancy success with trends beginning in their early reproductive years, increased risk for producing offspring with achondroplasia mutations, and risk of fathering offspring with Apert syndrome that may vary across cohorts, but with no increased risk for fathering aneuploid offspring (Down, Klinefelter, Turner, triple X, and XYY syndromes) or triploid embryos. Our findings also suggest that the burden of genomic damage in sperm cannot be inferred from semen quality, and that a small fraction of men are at increased risk for transmitting multiple genetic and chromosomal defects.
DNA fragmentation ͉ human sperm ͉ achondroplasia ͉ sperm FISH ͉ Apert syndrome I t has become more socially acceptable to delay fatherhood, but the heritable consequences of this trend remain poorly understood. Since 1980, U.S. birth rates have increased up to 40% for men [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] years and have decreased up to 20% for men under 30 (1) . Although it is well known that as women age, they are at increased risk for infertility, spontaneous abortion, and genetic and chromosomal defects among offspring, the association of male aging with these outcomes has been less well characterized (2) .
Advancing paternal age has been implicated in a broad range of abnormal reproductive and genetic outcomes (3, 4) , including diminished semen quality (5) , reduced fertility (6) , increased frequencies of spontaneous abortions (7, 8) , Ϸ20 autosomal dominant diseases including achondroplasia (ACH) and Apert syndrome (AS; see refs. 3 and 9) , and several diseases of complex etiology such as schizophrenia (10) . Among transmitted chromosomal defects, sex-chromosomal aneuploidy syndromes show substantial paternal contributions with some evidence of paternal-age effects (11-13).
However, the mechanisms for age dependency of paternally transmitted genomic defects are poorly understood.
The copy-error hypothesis that continuous stem-cell renewal in males leads to increases in heritable mutations with male age (14) continues to be challenged by increasing lines of evidence: (i) few or ambiguous associations between male age and certain genetic diseases of paternal origin (15, 16) and germ-cell mutations in transgenic mice (17, 18) , (ii) nonlinear relationships between specific human sperm mutations and corresponding heritable effects (19, 20) , (iii) protein-driven gametic selection mechanisms (21) , and (iv) differential susceptibilities of meiotic and postmeiotic cells to heritable damage in mice (22) .
Advances in detecting genomic types of defects directly in sperm provide new insights into the spermatogenic targets and mechanisms underlying male age effects. Damage to sperm chromatin, such as DNA fragmentation (DFI) that has been associated with male fertility, successful conception, and sustained pregnancy (23) (24) (25) (26) (27) , increases with age (28, 29) , as do DNA breakage (30) (31) (32) and chromosomal aberrations in sperm (33, 34) . Sperm mutations associated with ACH (1138GϾA mutation in fibroblast growth factor receptor 3 gene, FGFR3; see ref. 20) and with AS (755CϾG and 758CϾG mutations in the fibroblast growth factor receptor 2 gene, FGFR2; see refs. 19 and 35) increase with age, but less than expected from live-birth data (19, 20) . The effects of paternal age at other gene loci (35, 36) and on sperm aneuploidy͞diploidy (2, 37) remain inconclusive. It remains unclear whether the inconsistent age results across these studies are due to cohort-specific differences or differing age susceptibilities among the various types of sperm genomic defects.
Our study compares the relative effects of advancing male age on diverse measures of genomic damage in human sperm (chromatin integrity, gene mutations, sex ratio, and numerical chromosomal abnormalities) within a population of well characterized nonsmoking men from a nonclinical setting, assesses intercorrelations among these genomic defects and with semen quality endpoints, and estimates the proportion of men with abnormally high frequencies of sperm with multiple genomic defects. This study also contrasts the effects of age on sperm mutations in two different groups, analyzed in the same laboratory.
Results
Participants were currently employed or active retirees, predominantly white (91%), highly educated (55% postcollege education), and in good to excellent health by self report; they provided a convenience specimen after an average of 5.1 days of sexual abstinence (SD, 3.6; range, 2-20).
Sperm DFI and High DNA Stainability (HDS, Immature Chromatin). Age was positively associated with all five DFI endpoints (mean, SD, percent, moderate, and high) with significant trends across age decades (P Ͻ 0.01) and strong correlations with age (r ϭ 0.64-0.72, P Ͻ 0.001; see Table 1 for percent DFI (%DFI); see also Table 2 , which is published as supporting information on the PNAS web site, for mean, SD, moderate, and high DFI). Duration of sexual abstinence was positively associated with all DFI endpoints (r ϭ 0.43-0.54, P Ͻ 0.001). For percent DFI, the DFI endpoint with the highest correlation to age, the change per year of age was a relative 3.1% after adjusting for abstinence [95% confidence interval (C.I.), 2.3 and 3.9; r 2 ϭ 0.54; Fig. 1A ]. Approximately 41% of the variance of logarithm %DFI was explained by age (partial r ϭ 0.64, P Ͻ 0.001). Regression models of the other four DFI endpoints also had significant increases per year of age (mean DFI, 1.3%; SD DFI, 2.3 channels of fluorescence; moderate DFI, 2.7%; high DFI, 3.7%; P Ͻ 0.001). Hockey-stick analyses of the adjusted regression models did not improve the curve fits, suggesting there were no ''thresholds'' in the age-association curves for the DFI parameters.
Thirty men had %DFI at or above values previously associated with increased risk of male infertility (Table 1 ; see refs. 24 and 27), with similar results for mean and SD DFI ( Table 2 ). The proportion of men with abnormal DFI values increased across age categories (P Ͻ 0.01), and all five men over 70 had abnormal DFI values (data not shown). Abstinence-adjusted regression models estimated that men reached abnormal DFI values at age 56.9 years for %DFI ( Fig.  1 A) , 55.8 for mean DFI, and 46.1 for SD DFI.
The incidence of sperm with HDS was not correlated with the DFI endpoints after adjusting for age and abstinence (Table 1) , providing evidence that HDS is an independent measure of sperm chromatin damage. HDS was slightly negatively associated with age in unadjusted analyses (r ϭ Ϫ0.22, P ϭ 0.03) but not after adjusting for abstinence (Ϫ0.7% change per year, 95% C.I., Ϫ1.6, 0.2; see Fig. 4A , which is published as supporting information on the PNAS web site).
ACH and AS Mutations. Among 20-to 29-year-old men, the baseline incidence of ACH mutations in sperm was Ͼ25-fold higher than the two AS mutations: 0.55 per 10,000 sperm genomes for 1138GϾA vs. 0.020 for 755CϾG and 0.015 for 758CϾG mutations. There was a significant increase with age for the ACH mutation (Table 1 ; Fig.  1B ). The decade-specific incidence of ACH mutations increased from 0.55 per 10,000 genomes for men 20-29 years to 1.85 for men 60ϩ years (P value for trend Ͻ0.01). We found a 3.3% increase in ACH mutation frequency per year of age (unadjusted, 95% C.I., 2.0 and 4.6). Occupational radiation exposure history (film-badge records) was positively associated with the frequency of ACH sperm mutations (1.51 per 10,000 genomes for 18 men with nonzero exposure vs. 0.65 per 10,000 for 40 men with zero exposure; unadjusted P ϭ 0.002; adjusted for age, P ϭ 0.02). After adjusting for radiation history, the frequency of ACH mutations increased 2.0% per year of age (95% C.I., 0.5 and 3.5). Approximately 29% of the variance in ACH mutations was explained by age, after adjusting for radiation history (partial r ϭ 0.54, P Ͻ 0.001). Hockey-stick analysis of the adjusted regression model for ACH did not improve the curve fit, suggesting there is no ''threshold'' in the age association for ACH mutations.
After adjustment for covariates (Table 1) , there was no statistically significant increase in AS mutations with age in this cohort for the sum of 755CϾG plus 758CϾG mutations: 1.9% per year; 95% C.I., Ϫ2.1 and 6.0 (Table 1 and Fig. 4B ), or for the individual mutations (755CϾG: 2.1% change per year; 95% C.I., Ϫ3.2 and 7.0; 758CϾG: 1.6%, 95% C.I., Ϫ4.3 and 7.8; see Table 3 , which is published as supporting information on the PNAS web site). Sex Ratio and Sperm Aneuploidy and Diploidy. There was no association between male age and sperm sex ratio, aneuploidy, or diploidy in this cohort (Table 1; see Table 4 , which is published as supporting information on the PNAS web site, for individual aneuploidy categories), when age was examined by age decades or as a continuous variable. There was a slight decrease in the unadjusted frequency of sex-null sperm with age, which was not significant after adjusting for covariates (Ϫ0.52% change per year, 95% C.I., Ϫ1.2 and 0.22). As an example, Fig. 1C illustrates the age relationship for XY sperm, with the unadjusted negative binomial regression line (Table 4) .
Intercorrelations. There were significant intercorrelations among the group of five DFI endpoints (0.66 Ͻ r Ͻ 0.98, P Ͻ 0.001) among the 14 aneuploidies and diploidies (see footnote to Table 4 ) but not among the three gene mutations. The major types of genomic damage were not intercorrelated after adjusting for outliers or age, with the following exceptions: DFI endpoints vs. disomy Y (age adjusted: Ϫ0.21 Ͻ r Ͻ Ϫ0.28, P Ͻ 0.05) and HDS vs. aneuploidy (disomy 21, sex nullisomy, and total hyper-plus hypohaploidy; age adjusted 0.23 Ͻ r Ͻ 0.28, P Ͻ 0.05). Men with AS mutations in sperm (n ϭ 33) had higher frequencies of sex nullisomic sperm than men with no detectable mutations (n ϭ 43; 20.9 vs. 14.8, P ϭ 0.01) and higher aggregate frequencies of all measured aneuploidies (63.0 vs. 48.4, P ϭ 0.008).
Genomic defects were generally not associated with semen quality (semen volume, sperm concentration, total sperm count, percent motility, percent progressive motility, and total progressive motility; see ref. 5), with the following exceptions. All five measures of DFI were strongly correlated with sperm motility (age adjusted: Ϫ0.42 Ͻ r Ͻ Ϫ0.65, P Ͻ 0.001); %DFI vs. percent motility had the strongest correlation (Fig. 2) , with Ϸ40% of the variance in motility explained by %DFI. Mean, percent, and moderate DFI were also inversely associated with sperm count (age adjusted: Ϫ0.21 Ͻ r Ͻ Ϫ0.28, P Ͻ 0.05). HDS was negatively associated with total count, concentration, progressively motile sperm, and total progressively motile sperm (age adjusted: Ϫ0.24 Ͻ r Ͻ Ϫ0.30, P Ͻ 0.03). Also, men with detectable AS mutations had slightly lower progressive motility compared with men with no detectable mutations (26% vs. 17%, P ϭ 0.04).
Four individuals produced very high frequencies of sperm (Ͼ95th percentile) for two or more genomic defects, including defects with no intercorrelations: donor 1, 29 years old, very high for HDS and total hyperhaploidy; donor 2, 60 years old, very high for sex nullisomy, ACH, and AS; donor 3, 68 years old, highest for ACH and disomy 21, high for diploidy (Ͼ80th percentile); donor 4, 70 years old, highest for both AS mutations and high for DFI (Ͼ90th percentile).
Age-Related Probabilities of Sperm Defects. Adjusted logistic regression models were used to predict the age-dependent probabilities for having abnormal values for the individual genomic and semen quality endpoints (Fig. 3 and Supporting Text, which is published as supporting information on the PNAS web site). The models predict (Table 4) . that age does not increase the probabilities of producing sperm with AS mutations, aneuploidy, or diploidy at higher frequencies than those in 20-29 year olds. For %DFI, the predicted probability of having abnormal values was Ͻ5% at age 30, Ϸ35% at age 50, and 95% by age 80, with similar probabilities for mean and SD DFI (not shown). For ACH, the predicted probability of producing sperm at twice the frequency of 20-29 year olds was 10% at age 30, 34% at age 50, and 85% by age 80. In comparison, men who reach age 50 are predicted to have an 80% probability of poor motility and a 15% probability of total count of Ͻ40 million sperm.
Discussion
Our study identified differential effects of male aging across major categories of sperm genomic defects within a nonclinical cohort of 97 generally healthy nonsmokers. After adjustment for potential confounders, male aging was significantly associated with increases in sperm DFI and the ACH mutation but not with sperm sex ratio, HDS, AS mutations, sperm diploidies, or sperm aneuploidies involving chromosomes X, Y, or 21 within this cohort. The risks for producing sperm with these genomic defects were generally independent of each other and unrelated to conventional semen quality, with a few exceptions discussed below. We also identified four individuals in our cohort who produced unusually high frequencies of sperm in at least two categories of major genomic defects.
DFI. Among all of the sperm genomic endpoints evaluated in this study, age had the strongest effects on chromatin defects, explaining Ϸ40% of the variance in DFI endpoints. Our study is the first to model the effect of age on DFI and to estimate the magnitude and shape of the age relationships. We detected no evidence for age thresholds, suggesting a gradual upward trend in the average frequency of sperm with DFI beginning in the early reproductive years. Our DFI findings support observations from previous studies that male age is associated with sperm chromatin defects (28, 29) and DNA damage (30) (31) (32) . Similar to the findings by Spano et al. (28) , we found that average %DFI values more than doubled between 20 and 60 years of age. Because our study included more older men, we also report a 5-fold increase in %DFI between 20 and 80 years of age. Sexual abstinence was positively associated with %DFI, which is consistent with some studies (28, 38) but not others (29, 39) . Adjusting for age and abstinence, we found no association between DFI and any environmental, occupational, or medical conditions identified from the questionnaire.
DFI measurements have been shown to be predictive for male fertility and successful pregnancy outcomes (23-25, 31, 40-43) . Data from thousands of donors show that samples with %DFI values of Ͻ27-30% have higher probabilities of successful pregnancies by natural means (6.5-to 10-fold), intrauterine insemination (7.0-to 8.7-fold), routine in vitro fertilization (Ϸ2-fold), and intracytoplasmic sperm insemination (Ϸ1.5-fold) compared with samples with Ͼ30% DFI values. Age-related increases in DFI may explain the clinical experiences of decreased pregnancy and live birth rates after fertility treatments with sperm from older men (44) (45) (46) , given that abnormal DFI values in sperm were not compensated by using donor eggs from younger females (43) . We found significant variation in DFI results within our cohort; e.g., men in their 50s ranged from excellent DFIs (5%) to very poor ones (73%). Even some men in their 20s and 30s had abnormal DFI values, suggesting they too might experience diminished fertility and͞or abnormal pregnancy outcomes, consistent with clinical experience.
DFI and Motility. Previously, we reported strong associations between age and diminished semen quality within this cohort, especially for sperm motility (5). Our current study shows that sperm motility is also inversely correlated with DFI endpoints, independent of age (Fig. 2) . This correlation confirms the findings of previous studies (47, 48) , whereas other studies found weaker or no associations (25, 27, 39) . The finding that DFI and motility were both strongly associated with age and duration of abstinence suggests that a common mechanism related to oxidative stress may be responsible. Sperm residing longer in the male reproductive tract can experience higher exposures to oxidative stress (49) , but the implications for male infertility and heritable mutations are likely to be complex. Several studies have suggested that high levels of oxidative stress may render sperm incapable of fertilization, whereas others have suggested that sperm exposed to oxidative stress remain capable (49, 50) . Exposure to oxidative stress can induce DNA strand damage and breaks in both somatic and germ cells (49) . DNA damage in stem or differentiating cells may yield sperm with various genomic defects. Male postmeiotic cells have impaired repair capacities that put them at special risk for DNA lesions that may be converted to mutations or aberrations in zygotes affecting the development and health of the offspring (22) . HDS. Our study did not find an association of age and HDS. However, independent of age, HDS was positively correlated with frequency of aneuploidy and negatively correlated with sperm concentration and progressive motility. The association with aneuploidy is consistent with a previous finding of higher frequencies of aneuploidy among subpopulations of immature sperm (51) . The inverse association between HDS and progressive motility, in the context of no consistent associations between HDS and the DFI endpoints, suggests that increases in HDS may arise from mechanisms different from those that lead to DFI. HDS sperm may represent late-stage spermatids that were released from the seminiferous epithelium before they were fully differentiated and biochemically mature. Such cells would be expected to have both poor motility and immature chromatin. Evenson et al. (52) reported a transient increase in HDS sperm in a man with fever, with a corresponding increase in the fraction of protamine 2 precursor in his sperm nuclei, suggesting a possible biochemical basis for immature chromatin.
ACH and AS.
It is well established that ACH and AS are strongly associated with paternal age, and that sporadic cases are paternal Fig. 3 . Probabilities of producing an abnormal semen specimen with increasing age. Maximum-likelihood logit curves were generated to estimate the probabilities at each year of age of producing a semen sample that exceeded the following abnormality values: (E) Motile sperm Ͻ50%; ϫ%DFI Ͼ 30%; ϩtotal count Յ 40 ϫ 10 6 ; as well as doublings in the frequencies of abnormal sperm compared with the 20-to 29-year-old group for: (}) ACH mutations (1138GϾA in FGFR3); (‚) AS mutations (755CϾG ϩ 758CϾG in FGFR2); (F) aneuploid sperm (hyper-and hypohaploid); and (OE) diploid sperm (hyper-and hypohaploid). Sperm motility and concentration curves are adapted from Eskenazi et al. (5) . The %DFI model was adjusted for abstinence, and the ACH model was adjusted for radiation exposure.
in origin (15, 53, 54) . However, within our cohort, only the frequencies of sperm with the ACH mutations increased with male age. Our ACH findings are consistent with those of Tiemann-Boege et al. (20) , which was expected because our cohort comprised a subset of their study population. Because the magnitude of the increase in the ACH mutation frequency in sperm is sensitive to the background of the assay (0.32 of 10,000 genomes), the age effect might actually be greater than reported. We also found that the frequency of ACH mutations significantly increased with prior exposure to ionizing radiation within Occupational Safety and Health Administration regulations; however, the small sample size and the varied types of low-level work-site exposures prevented further analyses for dose-response or effects of radiation quality. Both the ACH (1138GϾA in FGFR3) and AS mutations (755CϾG in FGFR2) occur in CpG dinucleotides, whereas the AS mutation (758CϾG in FRFG2) does not, suggesting that methylation differences are an unlikely explanation of the ACH vs. AS difference in our study.
Cohort-Specific AS Effects. Our AS findings are in conflict with prior sperm studies (21, 35) , including the combination study of our age and genetic effects in sperm (AGES) group and the men recruited at the Johns Hopkins Medical Institutions (JHMI) in Baltimore (19) . The AGES and JHMI groups had similar average ages (40 years) and frequencies of 755CϾG mutations but differed in average sperm concentrations (P ϭ 0.06, two-tailed t test), frequencies of 758CϾG mutations (0.06 vs. 0.16, P ϭ 0.004, two-tailed t test), and proportions of samples with nondetectable mutations at both loci (56% vs. 29%, P ϭ 0.001, 2 test). Using Poisson regression as described in Glaser et al. (19) , the JHMI group showed a significant age association at each locus individually and combined (P Ͻ 0.01), but our AGES group showed no association at either locus. Technical explanations are unlikely, because both groups were analyzed in the laboratory of R.L.G. and E.W.J. The AGES group was predominantly white, and the JHMI group had more individuals of African-American and Asian-Pacific descent, suggesting sociodemographic explanations for the disparity in results. In addition to ACH and AS, there are Ϸ20 autosomal dominant genes with significant paternal-age components and strong evidence of paternal origin of mutation including Crouzon, Pfeiffer, MEN 2A, MEN 2B, progeria, and familial adenomatous polyposis (9, (55) (56) (57) . Comparative studies of the underlying mutations in sperm may help us to better understand the mechanisms of age effects across loci, selection during spermatogenesis, genetic variation within loci, and group-specific differences.
Aneuploidy and Diploidy. Our AGES study with Ϸ90 men of whom 25 were over the age of 60 is the largest investigation to date of the association between age and frequencies of aneuploid and diploid sperm for genotypes linked to Klinefelter, triple X, XYY, Turner, and Down syndromes, and triploid pregnancies. Several earlier studies found small inconsistent associations with age, generally based on fewer than 40 men with few men over 60 and using a variety of assay methods (12, (58) (59) (60) (61) (62) (63) (64) (65) . The lack of association between age and Klinefelter sperm (X-Y-21) in the AGES group is inconsistent with our earlier positive finding in fathers of boys with Klinefelter syndrome (12) , both of which were analyzed by using the same assay in the laboratory of A.J.W. The disparity is suggestive of another cohort-specific difference for the effects of age on XY sperm.
We identified intercorrelations among the subcategories of sperm aneuploidy and diploidy (Table 4 ) independent of age, suggesting that defects in chromosome number may share mechanisms affecting both meiosis I and meiosis II disjunction. We also identified several confounding factors for numerically defective sperm: abstinence, potential occupational exposures, history of mumps, and working with radioisotopes. Others have suggested that age may be associated with increased risks for sperm defects in chromosomal structure (2, 33, 34) , suggesting that aneuploidy and aberrations may arise from different spermatogenic targets with different sensitivities for induced damage (66) .
Implications. Our findings are based on convenience samples of generally healthy nonsmoking workers and retirees in a nonclinical setting and may not be representative of men attending fertility clinics and those with health problems. Furthermore, markers for other gene mutations, translocations, and deletions were not explored. Also, evidence for group-specific age associations raises questions of whether sperm defects were due to age per se or arise from lifestyles or increased opportunities for mutagenic exposures in older men.
Our sperm findings provide further evidence that men choosing to delay fatherhood may have a lower likelihood of a successful pregnancy free of early loss and gene defects. However, unlike women, older men do not appear to be at increased risk for trisomic or triploid pregnancies. The poor correlations among sperm defects suggest that multiple measures of genomic damage are needed to fully assess the reproductive and genetic burden in sperm, and that men with good semen quality may still be at risk for fathering a child with a genomic defect. Our study also identified a small fraction of men who may be at increased risk for transmitting multiple genetic and chromosomal defects, raising further concerns for men who delay fatherhood.
Methods
The AGES study consisted of 97 men, 22-80 years of age (median, 44 years), employed or retired from a government research laboratory. It received Institutional Review Board approval, and each man gave informed consent. Donor recruitment, selection, and conventional semen procedures were described (5). Exclusion criteria were: current cigarette smokers (last 6 months), current fertility or reproductive problems, previous semen analysis with zero sperm count, vasectomy, history of prostate cancer or undescended testicle, or cancer chemo-or radiotherapy. Single specimens from each man were stored at Ϫ80°C before genomic analyses (see Supporting Text).
DFI and Immature Chromatin (HDS) were measured for 88 men (median, 41.5 years; range, 20-80) by flow cytometry using the sperm chromatin structure assay (SCSA) (67) . Independent replicates (5,000 cells each) were analyzed for mean and standard deviation of DFI (both in channels of fluorescence); percent of cells with detectable DFI, i.e., Ͼ250 channels (%DFI, formerly known as COMP␣ t ); and percent of HDS cells. %DFI was further divided into moderate (250 Ͻ DFI Ͻ650 channels) and high DFI (DFI Ͼ650). Values of mean DFI Ͼ300, SD DFI Ͼ200, %DFI Ͼ30, and HDS Ͼ15 have been correlated with decreased male fertility (24, 27) . Frequencies of sperm with 1138GϾA mutations (ACH mutation) in FGFR3 were determined for 58 men (median, 38.5 years; range 20-80) using a PCR-based assay (20) . Each sample was analyzed an average of 6.7 times (range, 5-12) in three to six experiments (mean, 3.4) with a background of 0.32 mutants per 10,000 genomes (20) . Frequencies of sperm with mutations in FGFR2 (755CϾG and 758CϾG; AS mutations) were determined in 76 men (median, 40 years; range, 20-80) by PCR (19) . Each sample was analyzed 7-16 times, equivalent to 350,000-800,000 sperm. Multicolor FISH (68, 69) was applied to Ͼ10,000 sperm from each of 90 men (median, 42 years; range 20-80) to measure disomies X, Y, XY, and 21; sex nullisomy; total diploidy (X-Y-21-21, meiosis I; X-X-21-21 and Y-Y-21-21, meiosis II); total hyperhaploidy, and hyperhaploidy plus hypohaploidy. The group of men analyzed by SCSA and sperm FISH were not significantly different in age or semen quality from the entire AGES group after exclusion of men due to no or very low sperm counts. Men analyzed for ACH were slightly younger (41.6 vs. 46.4 years, P ϭ 0.06) with slightly higher semen volume and total sperm number (P Ͻ 0.05) but not different for concentration or motility. Men analyzed for AS had slightly higher semen volume (P ϭ 0.04) but were not significantly different in age and other semen-quality endpoints.
Statistical analyses were performed by using STATA 8.0 (Stata, College Station, TX), with age examined as both a continuous and categorical variable (by decade). For each outcome, we constructed multivariate regression models with continuous age controlling for covariates (see Supporting Text). Hockey-stick models were fit to the adjusted data to determine whether there was a change in the relationship between age and sperm outcomes at any age (70) . Associations among genomic endpoints and between genomic and semen quality endpoints were determined by using Pearson correlation coefficients and partial correlation coefficients, adjusting for age. We applied maximum-likelihood logit modeling to estimate the probability at each year of age for having abnormal values of %DFI, aneuploidy, diploidy, ACH, and AS mutations, in comparison to abnormal motility and sperm numbers, as determined (5) .
